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ABSTRACT
We present Submillimeter Array 880 µm dust polarization observations of six massive dense cores in
the DR21 filament. The dust polarization shows complex magnetic field structures in the massive
dense cores with sizes of 0.1 pc, in contrast to the ordered magnetic fields of the parsec-scale filament.
The major axes of the massive dense cores appear to be aligned either parallel or perpendicular to the
magnetic fields of the filament, indicating that the parsec-scale magnetic fields play an important role
in the formation of the massive dense cores. However, the correlation between the major axes of the
cores and the magnetic fields of the cores is less significant, suggesting that during the core formation,
the magnetic fields below 0.1 pc scales become less important than the magnetic fields above 0.1 pc
scales in supporting a core against gravity. Our analysis of the angular dispersion functions of the
observed polarization segments yields the plane-of-sky magnetic field strengths of 0.4–1.7 mG of the
massive dense cores. We estimate the kinematic, magnetic, and gravitational virial parameters of the
filament and the cores. The virial parameters show that in the filament, the gravitational energy is
dominant over magnetic and kinematic energies, while in the cores, the kinematic energy is dominant.
Our work suggests that although magnetic fields may play an important role in a collapsing filament,
the kinematics arising from gravitational collapse must become more important than magnetic fields
during the evolution from filaments to massive dense cores.
Keywords: clouds - - ISM: magnetic field - polarization - stars: formation - submillimeter - individual
objects: DR 21
1. INTRODUCTION
Resent observations of molecular clouds have revealed
a two-step scenario of star formation that supersonic
flows first compress clouds into parsec-long filaments,
and then gravitational bound filaments collapse and frag-
ment into dense cores8 (Andre´ et al. 2014). In this sce-
nario, massive dense cores (∼ 0.1 pc, & 20 M) formed
at intersections of filaments are the sites of clustered and
massive star formation (Galva´n-Madrid et al. 2010; ?;
Schneider et al. 2012; Liu et al. 2012; Peretto et al. 2013).
Massive dense cores are magnetized with magnetic field
strengths of 0.1–1 mG (Falgarone et al. 2008; Girart et al.
2013; Qiu et al. 2013; Frau et al. 2014; Li et al. 2015;
Houde et al. 2016). Since the star-formation rate in dense
gas is only few percents of the rate of a free-fall collapse,
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magnetic fields are suggested to be an important ingre-
dient supporting massive dense cores against self-gravity
(Krumholz & Tan 2007).
The orientation between cloud morphology and mag-
netic fields reveal information about the role of mag-
netic fields in star formation. In a strongly magnetized
cloud, ions are easier to move along the field lines than
perpendicular to the field lines. Simulations of magne-
tized turbulent gas show that if the turbulent energy is
stronger than the gravitational energy, turbulence ex-
tends gas along the field lines and forms filaments parallel
to magnetic fields (see Figure 2 of Stone et al. 1998). On
the other hand, if the gravitational energy is stronger
than the turbulent energy, the mass contraction along
the field lines results in filaments perpendicular to mag-
netic fields (Nakamura & Li 2008; Li et al. 2016). That
is, strong magnetic field models predict either-parallel-or-
perpendicular alignment between filaments and magnetic
fields, depending on the competition between turbulent
pressure and gravitational pressure. In contrast, the fil-
aments formed with weak magnetic fields tends to be
randomly aligned with respect to magnetic fields (Stone
et al. 1998; Li et al. 2016). Such alignment of strong
magnetic field models and misalignment of weak mag-
netic field models are also presented in the simulations
not including turbulence (Van Loo et al. 2014). In ob-
servations, the correlation between the orientations of
clouds and magnetic fields is found to be either-parallel-
or-perpendicular in filamentary clouds from few to tens
pc scales (Li et al. 2013; Planck Collaboration et al. 2016)
and in massive cores at 0.1–0.01 pc scales (Zhang et al.
2014; Koch et al. 2014), suggesting a dynamically impor-
tant role of magnetic fields in various physical scales (see
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2Li et al. 2014 for a review).
Observations of the polarized dust emission from mag-
netically aligned dust grains have been proven to be the
most efficient way to reveal magnetic field structures in
molecular clouds (Crutcher 2012). For massive dense
cores with typical sizes of 0.1 pc and distances of few kilo-
parsecs, several interferometric observations have been
performed to spatially resolve the magnetic field struc-
tures (Rao et al. 1998; Lai et al. 2001, 2002, 2003; Cortes
et al. 2008, 2016; Girart et al. 2009, 2013; Tang et al.
2009a,b, 2010, 2013; Liu et al. 2013; Qiu et al. 2013, 2014;
Hull et al. 2014; Frau et al. 2014; Sridharan et al. 2014; Li
et al. 2015, also see Zhang et al. 2014 for a review of SMA
polarization legacy project). The observations reveal di-
verse magnetic field structures from ordered hour-glass
shapes (e.g. G31.41, Girart et al. 2009) to chaotic distri-
butions (e.g. G5.89, Tang et al. 2009a). The magnetic
energy in a massive core is typically equal or less than
the energies of rotation, outflows, and radiation (Tang
et al. 2009a; Girart et al. 2013; Qiu et al. 2013; Frau
et al. 2014; Sridharan et al. 2014).
In this paper, we present a Submillimeter Array (SMA)
study of six massive dense cores in the DR21 filament.
DR21 filament is the densest and most massive region in
the Cygnus X complex (Motte et al. 2007; Roy et al. 2011;
Schneider et al. 2016), hosting several well-studied high-
mass star-forming regions like DR21 and DR21(OH)
(Downes & Rinehart 1966) at a distance of 1.4 kpc (Rygl
et al. 2012). Herschel observations showed that the ridge
of DR21 filament has a length of 4 pc and a mass of 15000
M, connected by several sub-filaments with masses be-
tween 130 to 1400 M (?). Molecular line studies sug-
gested continuous mass flows from the sub-filaments onto
the DR 21 filament, driving the global gravitational col-
lapse of the filament (Schneider et al. 2010). Dust contin-
uum studies found 12 massive dense cores in the DR21
filament (Motte et al. 2007). The massive dense cores
drive active outflows (Davis et al. 2007; Motte et al.
2007) and masers (Braz & Epchtein 1983; Argon et al.
2000; Pestalozzi et al. 2005), indicating recent high-mass
star formation. Thirty-two fragments with sizes of a
few thousands AU were detected in a sample of seven
cores, whereas some of the fragments were proposed to
be precursors of OB stars (Bontemps et al. 2010; Zapata
et al. 2012). Interferometric molecular line observations
reveal small-scale converging flows within the massive
dense cores, which may initiate the dense structures of
the cores (Csengeri et al. 2011a,b).
Magnetic fields of the DR21 filament at parsec scale
have been mapped through single-dish polarimetric ob-
servations (Minchin & Murray 1994; Glenn et al. 1999;
Valle´e & Fiege 2006; Kirby 2009), revealing an uniform
structure of magnetic fields aligned perpendicular to the
filament. Zeeman observations of the CN lines found a
0.4–0.7 mG magnetic field strength of the line-of-sight
component in DR21(OH) (Crutcher et al. 1999; Fal-
garone et al. 2008). In contrast to the uniform mag-
netic fields at pc scales, interferometric dust polariza-
tion observations revealed complex magnetic fields in
the DR21(OH) (Lai et al. 2003; Girart et al. 2013).
Here, we present SMA dust polarization observations
of massive dense cores Cyg-N38 (alias DR21(OH)-W),
Cyg-N43 (W75S-FIR1), Cyg-N44 (DR21(OH)), Cyg-N48
(DR21(OH)-S), Cyg-N51 (W75S-FIR2), and Cyg-N53.
The molecular line data of our observations will be rep-
resented in our upcoming paper (Paper II, Ching et al. in
prep.) Section 2 describes the observations and data re-
duction. Section 3 presents the dust polarization maps.
Analysis and discussion of the core property and mag-
netic fields are presented in Section 4. In Section 5, we
draw the main conclusions.
2. OBSERVATIONS AND DATA REDUCTION
The SMA9 polarization (Ho et al. 2004; Marrone 2006)
observations were carried out toward six massive dense
cores in the DR21 filament from 2011 to 2015 in the
345 GHz band. The observations of the Cyg-N44 were
previously published by Girart et al. (2013) and Zhang
et al. (2014). Table 1 lists the dates, array configura-
tions, number of antennas, polarimeter mode, and cali-
brators of the observations of the other five sources. The
pointing centers of the sources are listed in Table 2. The
sources were part of the sample of the SMA polariza-
tion legacy project and were not reported in Zhang et al.
(2014) except Cyg-N44. The observations before 2013
were carried out in the single receiver mode, and the
observations after 2013 were carried out with dual re-
ceivers. The dual-receiver mode offers a
√
2 improvement
in the signal-to-noise ratio (S/N) of continuum polariza-
tion measurement than the single-receiver mode. The
bandpass calibrators were also served as the polarization
calibrator in each observation. In some observations,
when the data of bandpass calibrators were not good
enough for polarization calibration, we adopted the leak-
age table from adjacent days to calibrate polarization.
The absolute flux was determined from observations of
planets or planetary moons, and the typical flux uncer-
tainty in SMA observations was estimated to be ∼ 20%.
The data were calibrated in the IDL MIR package for
flux, bandpass and time-dependent gain, and were ex-
ported to MIRIAD for further processing. The intrin-
sic instrumental polarizations (i.e., leakage) of the lower
sideband and the upper sideband were calibrated inde-
pendently with the MIRIAD task GPCAL to an accuracy
of 0.1% (Marrone & Rao 2008) and were removed from
the data. The continuum visibilities were averaged from
channels absent of line emission to produce the Stokes I,
Q, and U maps. Self-calibration for sources with strong
Stokes I continuum emission (S/N & 60) was performed
to refine the gain solutions. The Stokes I, Q, and U maps
were independently deconvolved using the CLEAN algo-
rithm. Finally, the polarized intensity, position angle,
and polarization percentage along with their uncertain-
ties were derived from the Stokes I, Q, and U maps using
the MIRIAD task IMPOL.
Table 2 lists the synthesized beams and rms noises of
the maps presented in this paper. The maps were made
with the natural weighting to maximize the sensitivity.
For the Cyg-N43 and Cyg-N51 data, we applied a Gaus-
sian taper of 2′′ FWHM to enhance the polarization de-
tection. The baselines spanned from 9 kλ to 85 kλ, pro-
viding a resolution of 3′′–4′′ and a largest scale of 10′′
with 50% flux recovery (Wilner & Welch 1994). The on-
source time is at least 3 hour per target, resulting in a
9 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics and is funded by the Smith-
sonian Institution and the Academia Sinica.
3rms noise level less then 2 mJy beam−1 in the Stokes Q
and U maps. Due to the limited dynamic range of the
SMA, the rms noise of the continuum Stokes I emission
was significantly higher than that of the Stokes Q and U
emission. In this paper, we set a polarization cutoff level
at S/N equal to 3. The majority of polarization detec-
tions have S/N better than 5, thus the typical uncertainty
in the polarization angle is ∼ 6◦ (Naghizadeh-Khouei &
Clarke 1993).
To illustrate the magnetic fields of the DR21 filament,
we also present the polarization observations of James
Clerk Maxwell Telescope (JCMT). We obtained the data
from the SCUBA Polarimeter Legacy Catalog compiled
by Matthews et al. (2009), which are sampled on a 10′′
grid with a resolution of 20′′. The noise level of the
JCMT Stokes Q and U data is ∼ 10 mJy beam−1.
3. RESULTS
3.1. JCMT and SMA polarization maps
Figure 1 presents the SMA 880 µm and JCMT 850 µm
polarization maps of the DR21 filament and six massive
dense cores. The JCMT map shows that the DR21 fil-
ament is elongated in the north–south direction. The
northern part of the filament is tiled in the northeast
direction, and the most southern tip of the filament is
tiled in the southeast direction. The magnetic fields of
the DR21 filament are mainly in the east–west direc-
tion, and thus almost perpendicular to the filament. The
variation in the direction of magnetic fields is relatively
small, except that in the most southern tip of the fila-
ment, the magnetic fields are significantly changed to the
southeast–northwest direction and become parallel to the
filament. More detailed studies of the JCMT polariza-
tion map of DR21 filament are represented in Valle´e &
Fiege (2006) and Girart et al. (2013).
The SMA maps at 3′′–4′′ (∼ 0.03 pc or 5000 AU) res-
olution reveal compact structures of the massive dense
cores. Owing to the filtering effect of interferometers,
the SMA is more sensitive to the small-scale magnetic
fields in the cores, whereas the JCMT is more sensitive
to the large-scale magnetic field of the filament. In con-
trast to the relatively uniform magnetic fields of the fil-
ament, the SMA maps display complex structures of the
magnetic fields of the cores. In addition, the SMA maps
show significant depolarization effect toward the center
of core, which could be resulted from the distortion of
magnetic fields at high column densities (?). The dust
emission and magnetic fields of Cyg-N44 have been stud-
ied in several works (Woody et al. 1989; Lai et al. 2003;
Zapata et al. 2012; Girart et al. 2013; Zhang et al. 2014).
Here we focus on the SMA maps of the other five massive
dense cores.
• Cyg-N38: The dust emission of Cyg-N38 shows a
north–south elongated peak, consistent with the N2H
+
1–0 emission of the core (Csengeri et al. 2011b). In
contrast to the east-west orientated JCMT polarization
segment, the SMA polarization segments of Cyg-N38
show northwest-southeast oriented magnetic fields in the
northern and southern parts of the core and north-south
oriented magnetic fields in the center. The polarized
emission is weak at the gaps between the northwest-
southeast oriented and north-south oriented magnetic
fields. The depolarization gaps might be caused by a
perturbation in dust alignment or by an overlap of two
components of magnetic fields with different orientations.
Since our molecular line data show that the line-of-sight
velocity in the northern and southern parts of the core is
different from that in the center of the core (Paper II),
the northwest-southeast oriented and the north-south
oriented segments may belong to two independent com-
ponents of magnetic fields.
• Cyg-N43: The dust emission of Cyg-N43 shows an arc-
like structure with the peak emission concentrated at the
western end of the arc. Similar to Cyg-N38, the polariza-
tion segments of Cyg-N43 show one group of north-south
oriented magnetic fields in the center of the core, and one
group of northwest-southeast oriented magnetic fields in
the northern and southern parts of the core. Depolariza-
tion gaps exist at the places between the two groups of
polarization segments, again suggesting that the north-
south magnetic fields and the northwest-southeast mag-
netic fields may not be directly connected to each other.
• Cyg-N48: Cyg-N48 has the most extended dust emis-
sion in the DR21 filament. The SMA map shows that
Cyg-N48 is composed of several sources, similar to the
“S” shaped morphology of the 3 mm continuum map
(Bontemps et al. 2010). Cyg-N48 also has the most ex-
tended polarized emission. The magnetic fields of Cyg-
N48 rotate smoothly from the northwest-southeast direc-
tion in the center of the core to the east-west direction
in the east of the core. The change of the magnetic fields
from the northwest-southeast direction to the east-west
direction appears to be consistent with the curvature of
the “S” shaped morphology of the core.
• Cyg-N51: Cyg-N51 is significantly elongated along the
north–south direction, following the large scale filament.
The direction of magnetic fields in Cyg-N51 is similar to
the east–west direction of magnetic fields in the filament,
revealing that the orientation between magnetic fields
and dust emission is consistently perpendicular from fil-
ament to core. Above the fifth contour in the continuum
emission, very few polarization segments are detected,
suggesting that the magnetic fields in the center of Cyg-
N51 could be different from the east–west fields revealed
by the SMA and JCMT maps.
• Cyg-N53: Cyg-N53 is only partially resolved and hence
has a round shape with a centrally concentrated peak.
Although Cyg-N53 appears to be a single object in our
SMA map, 7 fragments in Cyg-N53 with sizes of few
thousands AU have been found in the 1 mm continuum
map with higher resolution (Bontemps et al. 2010). Com-
pared to the other cores, Cyg-N53 has the weakest polar-
ized emission. The weak polarized emission in the SMA
map is consistent with the weak polarized emission in the
JCMT map.
3.2. Combined JCMT and SMA 880 µm continuum
maps
Figures 2 and 3 present the JCMT10 and SMA com-
bined continuum maps at 880 µm of the Cyg-N38, Cyg-
N44, and Cyg-N48 in the south of the filament and the
Cyg-N43, Cyg-N51, and Cyg-N53 in the north of the fil-
10 When combined the JCMT and SMA Stokes I maps, we used
the SCUBA2 commissioning data (Proposal ID M11BEC30) from
the JCMT Science Archive, which are sampled on a 4′′ grid with
a resolution of 15′′, better than the SCUBA Pol data.
4ament, respectively. To produce the combined maps, we
first scaled the JCMT map at 850 µm to the wavelength
of 880 µm assuming a dust emissivity index of 2.0, and
then combined the scaled JCMT map and SMA maps
using the FEATHER task in CASA and the LINMOS
task in MIRIAD. The resulted resolution and noise level
of the combined Cyg-N38, Cyg-N44, and Cyg-N48 map
are 3.9′′ and 40 mJy beam−1. The resulted resolution
and noise level of the combined Cyg-N43, Cyg-N51, and
Cyg-N53 map are 4.6′′ and 30 mJy beam−1. The noise
levels of the combined maps are mainly contributed from
the SCUBA2 data.
Figure 2 shows that the northwestern edge of Cyg-N48
is connected to the southeastern edge of Cyg-N38, and
the northeastern edge of Cyg-N38 is connected to the
southwestern edge of Cyg-N44. Since the emission be-
tween Cyg-N44 and Cyg-N48 is fainter than the emis-
sion between Cyg-N38 and Cyg-N44 and the emission
between Cyg-N38 and Cyg-N48, the three cores seem to
be aligned in a bow-like structure. This bow-like struc-
ture connecting the three cores are also presented in the
H13CO+ and N2H
+ maps of the DR21 filament (Csengeri
et al. 2011a,b). Figure 3 shows that Cyg-N43, Cyg-N51,
and Cyg-N53 are aligned on the northern ridge of the
DR21 filament. The eastern edge of Cyg-N43 is con-
nected to the southern edge of Cyg-N51. The emission
between Cyg-N51 and Cyg-N53 is weak in the JCMT
map, suggesting that Cyg-N53 is more isolated than the
other cores.
3.3. Masses, Densities, and Sizes of the Cores
We performed dendrograms (Rosolowsky et al. 2008;
Goodman et al. 2009) using the astrodendro software11
on the JCMT and SMA combined maps to characterize
the structures of the cores. Since all the cores are located
on the ridge of the filament, we chose a lower limit of 7σ
for the dendrogram to detect a structure. The required
difference to separate structures of the dendrogram was
set to be 1σ, and the minimum area of a structure was
one synthesis beam. Figures 2b and 3b show the struc-
tures identified by the dendrogram. The FWHM sizes
along the major axes, the FWHM sizes along the minor
axes, the mean sizes (FWHMmean), and the position
angles (θcore) of the structures computed by the dendro-
gram are listed in Table 3, along with the integrated flux
of the structures after a subtraction of the background
emission below the cutoffs of the structures. To esti-
mate the errors in the FWHM sizes and in θcore, we per-
formed bootstrap method (Press et al. 2002) by adding
additional observational noises to the JCMT and SMA
combined maps and running dendrograms on those sim-
ulated maps. The procedure was repeated for 100 times,
and the errors were estimated from the sample of 100
FWHM sizes and 100 θcore identified by dendrograms.
The size and flux of Cyg-N44 selected by the dendro-
gram are 11.1′′ and 21.4 Jy, compatible with the results
of 10.4′′ and 18.8 Jy derived from the SMA map (Gi-
rart et al. 2013). The bright sources MM1 and MM2
in Cyg-N44 (Woody et al. 1989) can also be separated
by the dendrogram. Although Cyg-N43, Cyg-N48, and
Cyg-N51 show clear multiple intensity peaks in the SMA
11 http://www.dendrograms.org
maps, the dendrogram failed to identify fragments of the
sources owing to the resolution of the combined maps.
Under the assumptions of optical thin emission and
isothermal core, the source mass M is related to the in-
tegrated flux Sint as
M =
γSintd
2
κB(T )
, (1)
where γ is the gas-to-dust ratio, d is the distance of the
source, κ is the dust opacity, andB(T ) is the Planck func-
tion at a dust temperature T . We adopt a gas-to-dust
ratio of 100, a distance of 1.4 kpc, and a dust opacity of
1.5 cm2 g−1 of the cool (10–30 K) and dense (∼ 106 cm−3
) dust mantles (Ossenkopf & Henning 1994). We adopt
a temperature of 20 K for the cores since Herschel maps
show a ∼ 16–22 K dust temperature of the cores in the
DR21 filament (?), except a higher temperature of 30 K
for the hot core Cyg-N44 (Mayer et al. 1973). Assuming
a radius equal to the FWHMmean of the source (Motte
et al. 2007), the averaged column and volume density of
the source are estimated as follows:
NH2 =
M
pi × FWHM2mean
, (2)
nH2 =
M
4
3pi × FWHM3mean
. (3)
The derived masses, column densities, and volume den-
sities are listed in Table 3, along with the errors de-
rived from the propagation of the errors in Sint and
FWHMmean. Although the derived errors are typi-
cally smaller than 10%, the uncertainties in the flux cal-
ibration, gas-to-dust ratio, distance, dust emissivity and
more critically, the temperature may lead to an overall
30%–50% uncertainty. The masses estimated from our
JCMT and SMA combined maps are about a factor of
two to four lower than those estimated from single-dish
observations (Motte et al. 2007; Di Francesco et al. 2008;
Palau et al. 2013), mainly because we performed den-
drograms above a cutoff of 7σ to separating cores and
therefore the core sizes estimated in this work are about
half of the sizes in single-dish maps.
3.4. Large-scale and Small-scale Magnetic Fields
Since the SMA is more sensitive to small-scale mag-
netic fields, we computed the uncertainty-weighted aver-
ages of SMA polarization angles (θSMA) to evaluate the
averaged orientations of the small-scale magnetic fields
of the massive dense cores. Figure 4 shows the distribu-
tions of the SMA polarization angles of the cores with
the derived θSMA listed in Table 3. The distributions of
the SMA polarization angles have standard deviations of
∼ 30–40◦, indicating complex magnetic field structures
in the cores. In the meantime, the JCMT polarization
segments at the peaks of the sources (θJCMT , Table 3)
were derived to represent the large-scale magnetic fields.
To show the difference between the large- and small-scale
magnetic fields of the cores, the position angles of θSMA
and θJCMT are plotted in Figures 2b and 3b. In Cyg-
N53, the angle between θSMA and θJCMT is 83
◦, sug-
gesting that the small-scale magnetic fields are almost
perpendicular to the large-scale magnetic fields. In the
other five cores, θSMA are aligned within 45
◦ to θJCMT .
5In particular, Cyg-N48 and Cyg-N51 have almost par-
allel θSMA and θJCMT . In the statistical study of high-
mass star-forming regions, Zhang et al. (2014) found that
60% of the massive dense cores have small-scale magnetic
fields aligned within 40◦ to large-scale magnetic fields,
and 40% of the cores have small-scale magnetic fields
perfectly perpendicular (80◦–90◦) to large-scale magnetic
fields. Interestingly, despite that the sample of our work
is small, we obtain similar conclusion as Zhang et al.
(2014): most massive cores have small- and large-scale
magnetic fields aligned within 45◦ and the rest of cores
have perpendicular small- and large-scale magnetic fields.
4. ANALYSIS AND DISCUSSION
4.1. Orientations of Cores and Magnetic Fields
Figure 5 shows the correlations between θcore, θJCMT ,
and θSMA of the six massive dense cores in the DR21
filament. θcore represents the direction of the major axis
of cores derived from dendrogram, θJCMT represents the
orientation of magnetic fields at a 0.1 pc scale, and θSMA
represents the averaged orientation of magnetic fields at
a resolution of 0.03 pc. In the panel of θcore versus
θJCMT , the six cores are separated into two groups: one
group of parallel alignment and one group of perpen-
dicular alignment, indicating a strong either-parallel-or-
perpendicular correlation between θcore and θJCMT . The
correlation between θJCMT and θSMA is weaker: while
four cores have parallel θJCMT and θSMA and one core
has perpendicular θJCMT and θSMA, Cyg-N38 seems to
have θJCMT neither parallel nor perpendicular to θSMA.
Among the three panels, the correlation between θSMA
and θcore is much less significant that two of the six cores
show no preference in the alignment between θSMA and
θcore.
Zhang et al. (2014) found an either-parallel-or-
perpendicular alignment between the magnetic fields of
cores and the elongation of few-pc-long clumps. The
strong correlation between θJCMT and θcore of our data
suggests an important role of magnetic fields during the
formation of massive dense cores, in agreement with the
results of Zhang et al. (2014). However, the weak cor-
relation between θSMA and θcore seems to suggest that
the small-scale magnetic fields are not as important as
the large-scale magnetic field in supporting a core against
gravity. While the either-parallel-or-perpendicular align-
ment appears to be a universal property from clouds to
cores, why do the alignment break below the scales of
cores? To explain the break of the either-parallel-or-
perpendicular alignment, here we propose a picture that
at scales above 0.1 pc, the magnetic fields are strong
enough to guide the gas contraction forming structures
either aligned or perpendicular to the magnetic fields.
When the densities of core scales become large enough to
overcome the magnetic fields, gravitational collapse dis-
torts the alignment between the cores and fields, leading
to the misalignment below the scales of cores. In this
picture, the misalignment between magnetic fields and
cores below 0.1 pc scales could also be the origin of the
observed misalignment between outflows and magnetic
fields (Hull et al. 2014; Zhang et al. 2014).
4.2. Derivation of the Magnetic Field Strength
4.2.1. Formalism
To evaluate the magnetic field strength in the plane
of the sky from dust polarization observations, the
Chandrasekhar–Fermi (hereafter CF; Chandrasekhar &
Fermi 1953) equation is the most widely used method.
The CF equation suggests that the ratio of turbulence to
magnetic field strength would lead to a similar level of
variation in the magnetic fields as well as in the veloci-
ties,
δB
B
' δVlos
VA
, (4)
where B is the strength of the magnetic field, δB is the
variation about B, δVlos is the velocity dispersion along
the line of sight, and VA = B/
√
4piρ is the Alfve´n speed
at density ρ.
Recently, a statistical modification of the CF equation
has been proposed, which avoids inaccurate estimates of
field strengths due to a large-scale field model in the CF
method (Hildebrand et al. 2009) and includes the signal
integration across telescope beam and through line-of-
sight depth of the source (Houde et al. 2009, 2011, 2016).
Assuming that the plane-of-sky component of magnetic
fields is composed of a large-scale ordered component B0
and a small-scale turbulent component Bt, Houde et al.
(2016) suggests that if the turbulence correlation length
δ is much smaller than the thickness of the cloud ∆′, the
ratio of Bt to B0 can be evaluated from the dispersion
function of the observed polarization angles (i.e., angular
dispersion function),
1− 〈cos [∆Φ (l)]〉 '
∞∑
j=1
a′2j l
2j +
[
N
1 +N〈B20〉/〈B2t 〉
]
×
{
1
N1
[
1− e−l2/2(δ2+2W 21 )
]
+
1
N2
[
1− e−l2/2(δ2+2W 22 )
]
− 2
N12
[
1− e−l2/2(δ2+W 21 +W 22 )
]}
, (5)
where ∆Φ (l) is the difference between polarization an-
gles measured for all pairs of polarization segments sep-
arated by a distance l, the summation is a Taylor ex-
pansion representing the structure in the B0 that does
not involve turbulence, W1 and W2 are the widths (i.e.,
the FWHM beam divided by
√
8 ln 2) of the synthesis
beam and the low-frequency filtering effect, and N is the
number of turbulent cells along the line of sight obtained
by
N1 =
(δ2 + 2W 21 )∆
′
√
2piδ3
, (6)
N2 =
(δ2 + 2W 22 )∆
′
√
2piδ3
, (7)
N12 =
(δ2 +W 21 +W
2
2 )∆
′
√
2piδ3
, (8)
N =
(
1
N1
+
1
N2
− 2
N12
)−1
. (9)
The corresponding normalized signal-integrated turbu-
6lence autocorrelation function is
b2(l) =
[
N
1 +N〈B20〉/〈B2t 〉
] [
1
N1
e−l
2/2(δ2+2W 21 )
+
1
N2
e−l
2/2(δ2+2W 22 ) − 2
N12
e−l
2/2(δ2+W 21 +W
2
2 )
]
. (10)
Since Bt is the source of perturbation in B0, Bt is iden-
tical to the δB in the CF equation (Equation 4). There-
fore, one can apply the 〈B2t 〉/〈B20〉 derived from Equation
5 to evaluate the magnetic field strength on the plane of
sky based on the CF equation
〈B20〉1/2 =
√
4piρδVlos
[ 〈B2t 〉
〈B20〉
]−1/2
. (11)
4.2.2. Angular Dispersion Function of SMA Polarization
Data
We adopt the statistical analysis of angular dispersion
function (Houde et al. 2016) to estimate the magnetic
field strength in the massive dense cores of the DR21 fil-
aments. The polarization segments of Cyg-N53 are too
few to perform the analysis. Figure 6 shows the angular
dispersion functions of the other five cores in the DR21
filament using the SMA polarization segments. Owing
to the limited angular resolution, the angular disper-
sion function is close to zero when the length scale l is
smaller than the beam. The angular dispersion func-
tions of the cores other than Cyg-N44 smoothly increase
with the length scale and reach a maximum at 5′′–10′′.
Since the angular dispersion function at small distance is
dominated by the turbulent magnetic fields and at large
distance dominated by the ordered magnetic fields, the
maximum at 5′′–10′′ indicates a characteristic scale of ∼
0.05 pc (104 AU) that the magnetic fields change from
being turbulent into ordered structures.
At a large distance, the angular dispersion functions
of the four cores can be divided into two categories. In
Cyg-N44, Cyg-N48, and Cyg-N51, the angular disper-
sion functions at scales & 8′′ are close to random fields
(1− cos 52◦ = 0.384; Poidevin et al. 2010), likely repre-
senting a slow transition of magnetic fields from random
structures in the cores to the ordered structure of the
filament. In Cyg-N38 and Cyg-N43, the maximum of
angular dispersion function is higher than the random
field value, and the decrease of angular dispersion func-
tion is steep with a decline of ∼ 0.4 within a distance
of 4′′. Why the the angular dispersion functions of Cyg-
N38 and Cyg-N43 are different from those of the other
three cores? Cyg-N38 and Cyg-N43 both may have two
groups of polarization segments in different orientations
(see Section 3.1). The polarization segments within each
group contribute low angular dispersions at small and
large distances, whereas the angular dispersion measured
from one group to the other group contributes a high
value at an intermediate distance, resulting in the low-
high-low profiles of the angular dispersion functions in
Cyg-N38 and Cyg-N43. In addition to the low-high-low
profiles, the distributions of the data also suggest that
the angular dispersion functions of Cyg-N38 and Cyg-
N43 are resulted from the two groups of magnetic fields
rather than random fields. The gray boxes in Figure
6 represent the interquartile distributions (25%–75%) of
the angular dispersion functions. The angular disper-
sion functions measured within each group should give a
narrower interquartile distribution than those measured
from one group to anther. Therefore, the narrower in-
terquartile distributions at small and large distances and
the wider interquartile distributions at intermediate dis-
tances of Cyg-N38 and Cyg-N43 data are in agreement
with the angular dispersion functions from two groups of
magnetic fields.
4.2.3. Derived Magnetic Field Strength
We use the nonlinear least-squares Marquardt–
Levenberg algorithm12 to evaluate the parameters of δ,
〈B2t 〉/〈B20〉, and a′2j in Equation 5, and then use the
CF equation (Equation 11) to derive the magnetic field
strength in the plane of the sky. For our observations
with beams of 3′′–4′′ and a low-frequency filter of 10′′,
we use W1 of 1.
′′5 and W2 of 4.′′2 in the fitting. We use
the mean FHMW derived from dendrograms as the effec-
tive thickness ∆′ of our sources. We estimate the δVlsr
from the velocity dispersion of the H13CN 4–3 emission in
our data (Paper II), since the emission of H13CN is well
correlated with the dust emission in the massive dense
cores of the DR21 filament (Csengeri et al. 2011a). The
fitting range is from the beam to 15′′, and the parameters
a′2j are reduced to its first order a
′
2 because the fitting
range is small. Due to the steep drop in the angular
dispersion function of Cyg-N43, the fitting of Cyg-N43
failed to converge unless the maximum fitting distance
narrowed down to 10′′. Although the fitting of Cyg-N43
cannot reproduce the angular dispersion function at large
distance, the derived magnetic field strength of Cyg-N43
should still be reliable, since the fitting of 〈B2t 〉/〈B20〉 is
mainly regulated by the angular dispersion at small dis-
tance and 〈B2t 〉/〈B20〉 is the only output of the fitting
required in the CF equation.
The best fits of angular dispersion functions are shown
in Figure 6, and the fitted parameters are listed in Table
4. The correlation lengths δ of the cores are from 2.′′2 to
3.′′8 (15 to 30 mpc), well resolved by the W1 of 1.′′5. The
number of turbulent cells N along the line of sight of the
sources is about 5–7, and the 〈B2t 〉/〈B20〉 of the sources
is about 3–5, both suggesting that the local turbulent
magnetic fields are stronger than the ordered large-scale
magnetic fields. The 〈B2t 〉/〈B20〉 of the filament is 0.16,
significantly smaller than those of the cores. Considering
that the B0 in the calculations of filament and cores are
the same component of the ordered large-scale magnetic
field, the increase of 〈B2t 〉/〈B20〉 indicates an enhancement
of the turbulent magnetic fields from the filament to the
cores.
The derived magnetic field strengths on the plane of
sky are ∼ 0.56 mG in Cyg-N38, ∼ 0.42 mG in Cyg-N43,
∼ 1.71 mG in Cyg-N44, ∼ 0.48 mG in Cyg-N48, and
∼ 0.46 mG in Cyg-N51. Using the same SMA data,
the 1.71 mG of Cyg-N44 in this work derived using the
dispersion function for interferometry data (Houde et al.
2016) is more accurate than the 2.1 mG in Girart et al.
(2013) derived using the dispersion function for single-
dish data (Houde et al. 2009). In addition, 1.71 mG is
closer than 2.1 mG to the values of 0.9–1.3 mG derived
12 The scipy.optimize package of python
7from the BIMA polarization data (Lai et al. 2003), 1.7
mG derived from the velocity dispersion study of the
JCMT data (Hezareh et al. 2010), and 1.2 mG derived
from the CARMA polarization data (Houde et al. 2016).
For the other four cores, the strengths of 0.4–0.6 mG are
close to the strength of the DR21 filament.
To estimate the total magnetic field strength Btotal,
we adopt the Zeeman observations at a resolution of 23′′
of the CN lines toward Cyg-N44 which probe two line-
of-sight magnetic field strengths (Blos) in two velocity
components: Blos = -0.36 mG at vLSR = -4.7 km s
−1
and Blos = -0.71 mG at vLSR = -0.9 km s
−1 (Crutcher
et al. 1999). Since the -4.7 km s−1 component is found
to be associated with the Cyg-N44 core and the -0.9 km
s−1 is the systematic velocity of the filament, the line-of-
sight field strengths of Cyg-N44 and the DR21 filament
are suggested to be -0.36 mG and -0.71 mG, respectively
(Crutcher 2012; Girart et al. 2013). For the other four
cores, we assume an energetic equal partition of mag-
netic fields (Btotal =
√
3/2B0). The derived total mag-
netic field strengths are listed in Table 4. Considering
the assumption of the energetic equal partition and the
dependance of the CF equation (Equation 11) to the den-
sity which has a 30%-50% uncertainty due to the tem-
perature (Section 3.3), we estimate that the uncertainty
in the total magnetic field strength is about 50% of the
value.
Figure 7 shows the Blos versus the volume density of
the massive dense cores and the DR21 filament, assum-
ing the most probable value of Blos = Btotal/
√
3. The
magnetic field strengths of the cores are systematically
smaller than the strength of the filament, indicating that
the true Blos of the cores may be stronger than what
we assumed. Using the data points of the five massive
dense cores, a single power-law fit gives a slope of 0.54
± 0.30. The slope of 0.54 is mainly accounted for the
factor of
√
ρ in the CF equation (Equation 11), and the
large uncertainty in the fit is resulted from the δVlos and
〈B2t 〉/〈B20〉 which are not scaled with the volume den-
sity. The slope of how magnetic fields scale with gas
density offers an important diagnosis: a slope of 2/3 is
expected for weak magnetic field model with flux conser-
vation (Mestel 1966; Crutcher et al. 2010) and 0.44–0.5 is
predicted in the ambipolar diffusion model at high den-
sity regimes (nH2 & 106 cm−3, Fiedler & Mouschovias
1993; Tassis & Mouschovias 2007). The recent compre-
hensive study of Zeeman observations gives a value of
0.65 ± 0.05 (Crutcher et al. 2010), which is within 1σ
to our value of 0.54 ± 0.30. Owing to the √ρ factor in
Equation 11, the magnetic field strengths derived from
the CF equation are not sensitive to study the scaling
between magnetic field strength and gas density.
4.3. Turbulent, Magnetic, and Gravitational Energies
4.3.1. ms, mA, β, and M/ΦB
We compute the parameters of the sonic Mach num-
ber ms, the Alfve´n Mach number mA, and the ratio of
thermal to magnetic pressures β as the following:
ms =
√
3σv/cs, (12)
mA =
√
3σv/VA, (13)
β = 2 (mA/ms)
2
, (14)
where cs =
√
γkBT/µmH is the sound speed at tempera-
ture T using adiabatic index γ = 5/3 and mean molecular
weight µ = 2.33, σv = δVlos is the one-dimensional veloc-
ity dispersion. The derived parameters are listed in Table
5. The DR21 filament has supersonic and sub-Alfve´nic
Mach numbers, revealing that magnetic fields are more
important than turbulence in the filament. The β of the
filament is less than one, indicating that the magnetic
pressure is stronger than the thermal pressure. Since the
linewidth in massive cores includes components of in-
fall, rotation, and turbulence (see 4.3.2), here we adopt
the σv of cores as the broadening of non-thermal mo-
tions, instead of turbulence. The supersonic and trans-
to super-Alfve´nic Mach numbers of massive cores indi-
cate strong non-thermal motions. The cores typically
have a β value less than one, suggesting that the mag-
netic pressure, though weaker than the non-thermal pres-
sure, is stronger than the thermal pressure. The relation
of ms > mA > 1 > β is the same as the results based
on the Zeeman observations toward Cyg-N44 (Crutcher
1999).
To estimate the relevance of the magnetic fields with
respect to the gravitaty, we derive the mass-to-flux ratio
M/ΦB = 7.6×10−21
[
NH2/cm
−2] [Btotal/µG]−1 in units
of the critical value 1/2pi
√
G (Mouschovias & Spitzer
1976; Crutcher 2004). The derived mass-to-flux ratios of
the massive cores and the DR21 filament (see Table 5) are
about equal or larger than one, suggesting that both in
the cores and in the filament, the magnetic fields cannot
provide enough support against gravitational collapse.
For Cyg-N44, the mass-to-flux ratio of 3.4 is consistent
with the values of 2.8–10 estimated from independent
methods (Crutcher 1999; Hezareh et al. 2010).
4.3.2. Virial Balance
The virial theorem is a useful tool for analyzing the
effects of kinematics, magnetic fields, and self-gravity in
molecular clouds (Mestel & Spitzer 1956; Shu 1991; Mc-
Kee & Ostriker 2007), which can be written as
1
2
I¨ = 2 (T − Ts) +M+W. (15)
Here I is a quantity proportional to the inertia of the
cloud, and the sign of I¨ determines whether the cloud is
expanding (I¨ > 0) or contracting (I¨ < 0). For a cloud
with a fixed mass M , the term
T = 3
2
Mσ2v (16)
is the total kinetic energy in the cloud including both
thermal and non-thermal (turbulence, rotation, infall,
and etc.) components. The term Ts is the surface ki-
netic term. The term
M = 1
2
MV 2A (17)
is the magnetic energy for a cloud with no force from
ambient magnetic field. The gravitational term W of a
spherical cloud with uniform density and radius R is
W = −3
5
GM2
R
. (18)
8The kinetic and gravitational terms of a filamentary
cloud are different from those of a spherical cloud (Fiege
& Pudritz 2000) in that
Tf = Mσ2v , (19)
Wf = −GM
2
L
, (20)
where L is the length of the filamentary cloud.
The derived ratios of |T /W| and |M/W| are listed
in Table 5 where we adopt a mass of 15210 M and
a length of 4.1 pc for the DR21 filament (?). For the
massive dense cores, the typical values of |T /W| & 1
& |M/W| reveal a relation of |T | & |W| & |M|, sug-
gesting that kinematic energy is more important than
magnetic energy during the formation of massive dense
cores. Although the uncertainty in Btotal could be as
large as 50% of the value, considering that the |T /W| is
at least five times larger than the |M/W|, the relation of
|T | & |M| would not change regardless of the uncertainty
in Btotal. In contrary to the relation of |T | & |M| of the
massive dense cores, the filament has the |M/W| signif-
icantly larger than the |T /W| and therefore |M| & |T |.
The transition from the |M| & |T | in filament to the
|T | & |M| in cores reveals a decrease of magnetic energy
and/or an increase of kinematic energy from the par-
ent filament to the daughter cores. The variation of the
magnetic and kinematic energies from filament to cores
is also revealed in the transition from 〈B2t 〉/〈B20〉 < 1 of
the filament to the 〈B2t 〉/〈B20〉 > 1 of the cores obtained
from the analysis of the angular dispersion functions. In
star formation models, the diffusion of magnetic flux out
of cores is expected through the process of ambipolar
diffusion arising from the decoupling of neutral particles
and magnetic fields in weakly ionized gas (Shu et al. 1987;
Mouschovias 1991) or reconnection diffusion arising from
the magnetic reconnection in turbulent gas (Lazarian &
Vishniac 1999; Santos-Lima et al. 2010; Lazarian et al.
2012). In observations, the presence of turbulent am-
bipolar diffusion in the massive cores of the DR21 fila-
ment is suggested from the different linewidths between
ionic and neutral molecular line profiles (Hezareh et al.
2010; Hezareh et al. 2014), and the the infall motions,
rotation motions, and outflows of the cores (Csengeri
et al. 2011a; Duarte-Cabral et al. 2013; Girart et al. 2013;
Duarte-Cabral et al. 2014) might explain the increase of
kinematic energy.
The |(2T +M)/W| listed in Table 5 represents
whether the cloud is expanding (|(2T +M)/W| > 1)
or contracting (|(2T +M)/W| < 1) without considering
the surface term Ts. The |(2T +M)/W| of the DR21 fil-
ament is less than one, in agreement with the global col-
lapse inferred from molecular line observations (Schnei-
der et al. 2010). However, the |(2T +M)/W| & 1 of
the massive cores seems to be inconsistent with the sig-
natures of star-forming activities supported by the high
level of fragments (Bontemps et al. 2010), infall (Csen-
geri et al. 2011a), and outflows (Duarte-Cabral et al.
2013, 2014) of the cores. How to explain the the dis-
crepancy between the derived virial parameters and the
fact that there is star formation in the cores? The width
of the DR21 filament is 0.34 pc (?), and the mean ra-
dius of our six cores is 0.068 pc. Given W = − 35 GM
2
R ,
the W changes by a factor of 5 when gas collapses from
filament to core. The collapse can transfer the W in
the filament to the T and M of cores, resulting in an
increase of |(2T +M)/W| from filament to core. In ad-
dition, a large portion in the T of core could be in the
form of kinematic energy, instead of turbulent energy.
The velocity dispersions of 1.2–2 km s−1 of the Cygnus
X massive cores is significantly larger than the virial ve-
locity dispersions
√
αMG
5R ∼ 0.4 km s−1 of a 20 M and
0.1 pc core with the geometric factor α equal to unity
(Williams et al. 1994). Cyg-N48 and Cyg-N53 exhibit in-
fall signatures in the H13CO lines (Csengeri et al. 2011a),
whereas Cyg-N43, Cyg-N44, and Cyg-N48 show rotation-
like structures in our molecular line data (Girart et al.
2013, Paper II). The infall and rotation motions could be
the origin of the large linewidths in the Cygnus X massive
cores. To estimate the contribution of rotational energy
to T , we assume solid-body rotation of core with rota-
tional velocity ω and rotational energy Tr = 25MR2ω2.
Adopting the velocity gradient of ∼ 30 km s−1 pc−1 from
our data as ω, the ratio of Tr to T is in the order of
unity. Since the T of the core is mostly contributed by
kinematic energy, the turbulent energy should be smaller
than W.
The large reduction of W from filament to core
may lead to the misalignment between θcore and θSMA
through infall and rotation motions of the cores. The cor-
relation between the magnetic field orientation inferred
from dust polarization maps and the intensity gradient of
Stokes I dust continuum emission contours has been pro-
posed to evaluate how gravity regulates magnetic fields
(Koch et al. 2012, 2013). Based on the assumption that
a change in intensity gradient is a measurement for the
resulting direction of motion in the MHD force equa-
tion, the magnetic field orientation should be aligned to
the intensity gradient when gravity overwhelms magnetic
fields, and misalignment between the magnetic field ori-
entation and the intensity gradient is suggested when
gravity is relatively less important to magnetic fields.
Figure 8 displays magnetic field segments and inten-
sity gradient segments of the six massive cores. Fig-
ure 9 shows stacked histograms of position angles be-
tween magnetic field segments and intensity gradient seg-
ments. The rotation-like cores Cyg-N43, Cyg-N44, Cyg-
N48 show misalignment between the magnetic field ori-
entation and the intensity gradient, whereas the mag-
netic fields in the non-rotation cores Cyg-N38, Cyg-N51,
Cyg-N53 tend to be aligned with the intensity gradient,
suggesting that gravity is important in regulating the
orientation of magnetic fields in non-rotation cores but
less important in rotation-like cores. Since the rotational
energy of core could be as large as than the gravitation
energy, the rotation motion can distort magnetic fields
at the core scale, resulting in the misalignment between
magnetic fields and the intensity gradient of rotation-like
cores. Interestingly, the rotation-like cores have θSMA
parallel to the position angles of velocity gradient (θvg,
Table 3) inferred from our molecular line data. Figure
10 shows correlations between θSMA, θcore, and θvg of
the sources in the SMA polarization legacy project with
clear velocity gradients of rotation-like structures at ∼
0.1 pc scale (G5.89 Tang et al. 2009a; W51e8 Zhang
9et al. 1998, Tang et al. 2009b; W51N Zapata et al. 2009,
Tang et al. 2013; G192.12 Liu et al. 2013; G35.2 Qiu
et al. 2013; G240.31 Qiu et al. 2014). The rotation-
like cores show a random alignment between θSMA and
θcore, but strong either-parallel-or-perpendicular corre-
lation between θSMA and θvg, suggesting that rotation
plays a more important role than gravity in determining
the orientation of magnetic fields. Overall, the compar-
isons between magnetic fields and the intensity gradient
as well as the correlation between θcore, θSMA, and θvg
reveal a picture that magnetic fields of non-rotating core
are regulated by gravity, and magnetic fields of rotating-
like core are regulated by rotation motion, consistent
with the virial paramenter of |T | & |W| & |M| of the
cores.
5. CONCLUSIONS
We present Submillimeter Array 880 µm polarization
observations of six massive dense cores in the DR21 fil-
ament. With the complementary archival polarimetric
observations from SCUPOL of the JCMT (Matthews
et al. 2009), we are able to characterize the magnetic
field properties from the filament to the cores. Our main
results are the following:
1. The SMA dust polarization shows complex mag-
netic field structures in the massive dense cores, in
contrast to the ordered parsec-scale magnetic fields
of the filament. Significant depolarization effect is
found toward the center of core, and the variation
in the SMA polarization angles is ∼ 30–40◦ in the
cores, again both indicating complex magnetic field
structures in the cores.
2. The major axis of core appears to be either parallel
or perpendicular to the large-scale magnetic fields
inferred from the JCMT polarization map. How-
ever, the major axis of the cores shows no prefer-
ence of alignment to the small-scale magnetic fields
inferred from the SMA polarization map. The
transition from the either-parallel-or-perpendicular
alignment to the random alignment suggests that in
the formation of massive dense cores, the magnetic
fields below 0.1 pc scales become less important as
compared to gravity than the magnetic fields above
0.1 pc scales.
3. Our analysis of angular dispersion functions of
SMA polarization segments yields plane-of-sky
magnetic field strengths of 1.7 mG in Cyg-N44 and
about 0.5 mG in other four cores. Most of the cores
have the angular dispersion functions similar to the
dispersion of random magnetic field. The derived
number of turbulent cells and the derived ratio of
turbulent magnetic fields to ordered magnetic fields
are both much greater than unity, indicating that
the magnetic fields in the cores are dominated by
turbulent components.
4. The virial parameters show that in the filament, the
gravitational energy W is dominant over magnetic
M and kinematic T energies, and the gravitational
collapse can transfer the W of the filament to the
T and M of the cores, resulting in the relations
of |T | & |W| & |M| and |(2T +M)/W| & 1 in
the cores. The virial parameters reveal an overall
picture of weakly magnetized cores in a strongly
magnetized filament, suggesting that the kinemat-
ics arising from gravitational collapse must become
more important than magnetic fields during the
evolution from filament to massive dense cores.
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Table 2
Mapping Parameters
Source
Pointing Center On-source Time Synthesized Beam rms Noise
Other Name
α (J2000) δ (J2000) Single/Dual (hour) HPBW(′′) P.A. (◦) Stokes I/Pol (mJy beam−1)
Cyg-N38 20:38:59.11 42:22:25.96 9.4/0 3.6 × 2.9 65 15/1.6 DR21(OH)-W
Cyg-N43 20:39:00.60 42:24:34.99 0/3.1 4.6 × 3.5 55 10/1.6 W75S-FIR1
Cyg-N44a 20:39:01.20 42:22:48.50 4.7/0 3.9 × 3.4 56 20/3.1 DR21(OH)
Cyg-N48 20:39:01.34 42:22:04.89 7.5/0 3.3 × 3.0 63 13/1.7 DR21(OH)-S
Cyg-N51 20:39:02.40 42:24:59.00 0/3.5 4.4 × 3.4 54 8.9/1.6 W75S-FIR2
Cyg-N53 20:39:02.96 42:25:50.99 1.5/2.1 4.4 × 3.0 60 14/1.9 –
a The map of SMA subcompact, compact and extended data in Girart et al. (2013).
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Table 4
Angular Dispersion Function Fit Parameters
Source
δ 〈B2t 〉/〈B20〉
a′2 N δVlsr B0 Btotal
(mpc) (10−3 arcsec−2) (km s−1) (mG) (mG)
Cyg-N38 26 ± 12 3.8 ± 2.4 -1.9 ± 1.6 4.7 ± 0.1 1.5 ± 0.2 0.56 ± 0.19 ∼ 0.69
Cyg-N43 26 ± 31 2.8 ± 5.3 2.5 ± 6.6 4.5 ± 0.3 1.6 ± 0.4 0.42 ± 0.41 ∼ 0.51
Cyg-N44 22 ± 5 2.0 ± 0.2 0.8 ± 0.4 5.2 ± 0.5 2.2 ± 0.7 1.71 ± 0.55 ∼ 1.75
Cyg-N48 15 ± 3 4.5 ± 1.2 0.1 ± 0.4 7.4 ± 2.2 1.2 ± 0.2 0.48 ± 0.10 ∼ 0.59
Cyg-N51 22 ± 6 2.9 ± 0.6 0.1 ± 0.7 5.7 ± 0.6 1.6 ± 0.2 0.46 ± 0.08 ∼ 0.56
DR21 Filamenta 151 ± 21 ∼ 0.16 – ∼ 1 ∼ 0.8 ∼ 0.62 ∼ 0.94
a Values in Girart et al. (2013)
Table 5
Comparison of the Kinematic, Magnetic, and Gravitational Energies
Source
cs σv VA ms mA β
M/ΦB | TW | |MW | | 2T+MW |(km s−1) (km s−1) (km s−1) (1/2pi√G)
Cyg-N38 0.34 1.5 0.9 7.5 2.7 0.27 2.4 1.4 0.19 3.0
Cyg-N43 0.34 1.6 1.2 8.0 2.4 0.18 1.0 5.7 0.99 12.4
Cyg-N44 0.42 2.2 1.6 9.0 2.4 0.14 2.3 1.2 0.20 2.6
Cyg-N48 0.34 1.2 0.7 6.0 3.0 0.50 4.3 0.6 0.06 1.3
Cyg-N51 0.34 1.6 1.1 8.0 2.4 0.18 1.6 2.5 0.42 5.4
DR21 Filament 0.30a 0.8 3.0b 4.6 0.5 0.02 3.4c 0.04 0.28 0.36
a Assume 15 K from the dust temperature map of ?
b Adopt nH2 = 2× 105cm−3 (Girart et al. 2013)
c Adopt NH2 = 41.6× 1022cm−2 ?
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Figure 1. Middle column: the JCMT SCUBA dust polarization map at 850 µm toward the DR21 filament (Valle´e & Fiege 2006; Matthews
et al. 2009). The contours show the total dust continuum emission with levels of 5%, 10%, 15%, 20%, 30%,..., 90% of the peak. The red
and orange segments represent the polarization detections at S/N above 3 and between 2–3, respectively. The segments show the magnetic
field direction with its length proportional to the polarization percentage. The triangles mark the positions of the millimeter sources in
Motte et al. (2007). Left and right panels: the SMA dust polarization maps at 880 µm toward six massive cores in the DR21 filament. In
the maps of Cyg-N38, Cyg-N43, Cyg-N48, Cyg-N51, and Cyg-N53, the contour levels are -5, -3, 3, 5, 10, 20,..., 70 times the rms noises of
the maps. The Cyg-N44 map is the SMA subcompact, compact and extended map in Girart et al. (2013), which shows contours at 4%,
8%, 18%, 28%,..., 98% of the peak. The polarized intensity is shown in gray image with the scale bar at top-left corner of the figure in
units of Jy beam−1. The blue segments show the SMA polarizations of S/N ≥ 3 with the directions of magnetic fields and the lengths
proportional to the polarization percentage. In each panel, the synthesized beam is plotted as a filled grey ellipse. The size of the SMA
panels is 32′′, equal to the diameter of SMA primary beam at 880 µm.
16
Figure 2. JCMT and SMA combined 880 µm continuum maps of the Cyg-N38, Cyg-N44, and Cyg-N48. (a) The gray scale in units of
Jy beam−1 and the contours show the combined dust Stokes I emission. The contours are plotted at 5%, 10%, 15%, 25%,..., 95% of the
peak. The dotted circles represent the SMA primary beams of the sources. The synthesized beam of the combined map is plotted as a filled
grey circle. The red, orange, and blue segments are the segments in Figure 1 with equal length (please note that we do NOT combine the
JCMT and SMA Stokes Q and U maps). (b) The structures selected by dendrograms overlaid on the JCMT and SMA combined map. The
contours show the boundries of the structures, and the ellipses are plotted using the major FWHM, minor FWHM, and θcore computed
by dendrograms. For each source, the red (or orange if S/N between 2–3) and blue segments show the orientations of θJCMT and θSMA,
respectively.
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Figure 3. JCMT and SMA combined 880 µm continuum maps of the Cyg-N43, Cyg-N51, and Cyg-N53. The legends are the same as in
Figure 2.
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Figure 4. Distributions of the magnetic field orientations inferred from the SMA polarization detections. A dashed line shows the averaged
orientation of magnetic field inferred from the uncertainty-weighted average of the SMA polarization angles of each source. The order of
the panels is arranged as the panels in Figure 1.
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Figure 5. Correlations between θcore, θJCMT , and θSMA. The widths of the shadow zones are the means of the error bars in θJCMT
and θSMA. In order to present the correlation, some of the position angles are shifted by 180
◦.
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Figure 6. Dispersion analysis of the SMA polarization segments toward five cores of the DR21 filament. For each source, the analysis
of the angular dispersion function is plotted in the top panel, and the correlated component of the dispersion function is plotted in the
bottom panel. Top panels: angular dispersion function, 1 − 〈cos [∆Φ (l)]〉, binned in 1.′′5 for a Nyquist sampling of the 3′′–4′′ beam. The
dots represent the mean values of the data, and the error bars show the standard deviations of the mean values. The gray boxes display the
interquartile ranges of the data. The blue line shows the best fit to the data (Equation 5), and the red line shows the ordered component
a′2l
2 + b2(0) of the best fit. The dotted vertical and horizontal lines note the beam size and the expected value for random magnetic fields,
respectively. Bottom panels: the dots represent the correlated component of the best fit to the data. The red line shows the correlation
due to the beam (Equation 18 in Houde et al. 2016), and the blue line shows the turbulent component b2(l) (Equation 10) of the best fit.
The dashed line marks the zero value.
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Figure 7. L
ine-of-sight magnetic field strength against volume density of molecular cloud. The red circles and red square denote the massive cores
and the DR21 filament in this work. The triangles denote the Zeeman observations in Crutcher et al. (2010). Note that despite the
Zeeman observations are probing similar density scales, the spatial scales of the Zeeman observations are about 10 times larger than our
observations. The dotted line represents the model of maximum magnetic field strength scaling with volume density as B ∝ n0.65 proposed
in Crutcher et al. (2010) along with its uncertainty shown as the shadow zone. The solid line represents the single power-law fit of the
massive cores in the DR21 filament.
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Figure 8. The SMA dust polarization maps with magnetic field segments (blue) overlaid with the intensity gradient segments (red)
derived from the dust Stokes I continuum contours.
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Figure 9. Stacked histograms of position angles between the magnetic field segments and intensity gradient segments in Figure 8. Top:
histograms of six massive cores. Middle: histograms of rotation-like cores Cyg-N43, Cyg-N44, and Cyg-N48. Bottom: histograms of
non-rotation cores Cyg-N38, Cyg-N51, and Cyg-N53.
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Figure 10. Correlations between θSMA v.s. θcore and θSMA v.s. θvg of the rotation-like cores in the sample of SMA polarization legacy
project. The shadow zones show the mean of the error bars in θSMA.
